Soil carbon increased by twice the amount of biochar carbon applied after six Soil carbon increased by twice the amount of biochar carbon applied after six years: Field evidence of negative priming years: Field evidence of negative priming Abstract Abstract Applying biochar to agricultural soils has been proposed as a means of sequestering C while simultaneously enhancing soil health and agricultural sustainability. However, our understanding of the long-term effects of biochar and annual versus perennial cropping systems and their interactions on soil properties under field conditions is limited. We quantified changes in soil C concentration and stocks and other soil properties 6 yr after biochar applications to corn (Zea mays L.) and dedicated bioenergy crops on a Midwestern US soil. Treatments were: no-till continuous corn, Liberty switchgrass (Panicum virgatum L.), and low diversity prairie grasses, 45% big bluestem (Andropogon gerardii), 45% Indiangrass (Sorghastrum nutans) and 10% sideoats grama (Bouteloua curtipendula), as main plots, and wood biochar (9.3 Mg ha-1 with 63% total C) and no biochar applications as subplots. Biochar-amended plots accumulated more C (14.07 vs. 2.25 Mg soil C ha-1) than nonbiochar amended plots in the 0 to 30 cm soil depth but other soil properties were not significantly affected by the biochar amendments. The total increase in C stocks in the biochar-amended plots was nearly twice (14.07 Mg soil C ha-1) the amount of C added with biochar 6 yr earlier (7.25 Mg biochar C ha-1), suggesting a negative priming effect of biochar on formation and/or mineralization of native soil organic C. Dedicated bioenergy crops increased soil C concentration by 79% and improved both aggregation and available water in the 0 to 5 cm soil depth. Biochar did not interact with the cropping systems. Overall, biochar has potential to increase soil C stocks both directly and through negative priming, but in this study had limited effects on other soil properties after 6 yr.
Introduction
Amending soil with C-enriched materials such as biochar is one strategy to enhance the numerous ecosystem services that soils provide. Such soil services include producing food, fuel, feed, and fiber as well as sequestering C, recycling water and nutrients, and regulating climate (MEA, 2005) .
Applying biochar to soils used for food (i.e. corn) and dedicated bioenergy crops (i.e., switchgrass) could enhance services from these agroecosystems (MEA, 2005; Kauffman et al., 2014; Laird, 2008) .
Furthermore, because of its high concentration of stable C (60-80% C), biochar is considered the leading soil amendment to rapidly increase soil C sequestration and thereby help mitigate global climate change (Ventura et al., 2019) .
Recent studies have indicated that biochar applications can increase soil C through both direct and indirect effects. The direct effect is the amount of stable biochar C added, while the indirect effect is the potential reduction in mineralization of native soil organic matter and/or fresh crop residues, a process known as negative priming (Ding et al., 2018; Wang et al., 2016) . Understanding this negative priming effect is critical for assessing the long-term potential of biochar for soil C sequestration. In general, biochar may have negative, positive or no priming effect. Positive priming occurs when biochar accelerates the decomposition of native organic matter, thereby reducing longterm C accumulation (Ding et al., 2018; Maestrini et al., 2015; Wang et al., 2016) . While factors and mechanisms responsible for the priming effect of biochar are not fully understood, biochar and soil characteristics along with management may influence the biochar priming effects (MEA, 2005) Most studies of biochar priming effects have been short-term (< 1 yr) and mostly conducted in laboratory or greenhouse settings. Field evidence of the biochar priming effect is limited and mixed (Dong et al., 2018; Reed et al., 2017; Ventura et al., 2019) . Most laboratory studies have been conducted in incubation media without plant roots; however, the presence of plant roots under field conditions may positively or negatively impact the priming effect of biochar relative to laboratory incubations (Ventura et al., 2019) . Long-term field studies on biochar are needed to better understand the potential priming effects of biochar on soil C stocks as well as its interactions with available N in the soils (Chen et al., 2014) .
Applying biochar could enhance C accumulation and sustainability of annual cropping systems such as corn, which is a multi-purpose crop that produces food, fiber, fuel, and feed. Corn residues are Accepted Article increasingly being removed for livestock feed and bedding and for biofuel production. High rates of corn residue removal can increase risks of soil erosion and reduce soil C storage ( et al., 2018) . Adding biochar to corn fields is a potential strategy to mitigate the negative effects of residue harvesting on soil quality and C stocks Laird & Chang, 2013; Ventura et al., 2019) . Biochar application can rapidly increase soil C levels relative to other practices such as cover crops and diversified crop rotations, which commonly take extended periods of time to significantly change soil C stocks (Poeplau & Don, 2015) . While, at present, biochar use at large scales in grain cropping systems is limited, it may become more widely practiced in the future as a coproduct of thermochemical biorefineries that use crop and forestry residues to produce bioenergy products.
Similarly, applying biochar to dedicated bioenergy crops such as perennial warm season grasses (i.e. switchgrass) where cellulosic biomass is harvested could improve soil properties and may offset potential negative effects of long-term biomass harvesting on soil C storage and soil quality (Shanta et al., 2016). Perennial bioenergy crop systems without biochar can have limited potential to increase soil C stocks and enhance other soil properties. For example, 5 yr after establishment in eastern Kansas, switchgrass, big bluestem, and miscanthus (Miscanthus × giganteus) had not increased soil C concentrations relative to corn but had increased dry soil aggregate mean size (Evers et al., 2013) .
Similarly, 2 and 3 yr after establishment in eastern Nebraska, switchgrass, low-diversity grass mixture, big bluestem, and indiangrass had not increased water infiltration or soil organic C concentrations but had increased dry and wet soil aggregate stability compared with corn (Blanco-Canqui et al., 2017).
Thus, adding biochar to such systems can directly increase soil C stocks and may enhance other soil properties, thereby allowing more frequent biomass harvesting and/or removal of greater amounts of biomass compared with biomass cropping systems not receiving biochar. A few field studies reported that biochar application at 10 and 20 Mg ha -1 to soils used for switchgrass production can increase soil C concentrations (Allaire et al., 2015; Backer et al., 2016) , reduce soil bulk density (Aller et al., 2014) , and increase water infiltration and retention (Sandhu & Kumar, 2017) . Therefore, biochar applications could be effective for increasing soil productivity and enhancing the Accepted Article sustainability of dedicated bioenergy production systems in degraded or otherwise low-quality agricultural soils (El-Naggar et al., 2019).
Biochar could interact with row crops and dedicated energy crops to sequester C in the soil and improve soil properties, but such potential interactions have not been documented using field studies.
Biochar may differently interact with perennial warm-season grasses relative to row crops (i.e., corn) due to differences in biomass quantity and quality in the long term. Long-term field experiments of biochar and cropping systems can be ideal laboratories to study potential biochar priming effects and crop-biochar interactions. The objectives of this field study were to; 1) quantify the impacts of biochar application to corn and perennial bioenergy crops on soil physical, chemical, and biological properties as indicators of soil quality after 6 yr of management on sloping silty clay loam soils in southwestern Iowa, 2) investigate potential biochar and bioenergy crop interactions, and 3) compare the impact of perennial bioenergy crops with no-till continuous corn on soil quality indicators. We hypothesized that application of biochar would increase soil C stocks and improve soil properties, thereby enhancing sustainability of corn production and dedicated perennial bioenergy crops. We further hypothesized that perennial biomass cropping systems would improve soil properties compared with no-till continuous corn systems. And, we hypothesized a cropping system by biochar interaction. implemented with four replications in 2011. Main plots were Liberty switchgrass, a low diversity perennial grass mixture, a high diversity prairie polyculture and no-till continuous corn. Main plots were divided into 2 subplots with and without biochar. Biochar was applied in late October 2011 at an average rate of 9.3 Mg ha -1 on a dry-weight basis. It was incorporated to 15 cm soil depth by chiseling Accepted Article followed by disking. Subplots without biochar received the same tillage treatment. The biochar was derived from mixed wood (Quercus, Ulmus and Carya spp. woodchips with particle sizes 0.1-2000 mm) and produced using an augur bed gasification process at 600 o C (ICM, Inc., Colwich, KS, USA).
Methods

Description of the study site and treatments
The biochar had a pH of 8.8, and consisted of 29% ash, 16% volatile matter, 55% fixed C, 63% total C, 2.7% total H, 0.6% total N, 0.06% total P, and 0.86% total K on a dry-weight basis (Fidel et al., 2017; Bonin et al., 2018) .
Our study considered a total of 12 main plots (24 subplots), each main plot was 44 by 68 m in size.
Liberty switchgrass seeds were no-till drilled in May 2012 using a Great Plains Drill 1006NT drill (Great Plains Manufacturing, Salina, KS, USA) in 19-cm width rows at a rate of ~323 pure live seed m -2 but due to poor survival during the 2012 drought, the switchgrass was reseeded on 1 st May 2013.
The low diversity polyculture plots were seeded in May 2012 with a mixture of high yielding native grasses consisted of 45% big bluestem, 45% Indiangrass, and 10% sideoats grama. The low diversity perennial grass seeds were broadcast and cultipacked using a Vicon seeder (Kverneland 128 Group, Norway) and a Brillion cultipacker (Landoll Corp., Marysville, KS, USA) in May 2012 at a rate of ~323 pure live seed m -2 . The high diversity polyculture included 44 species of prairie grasses, sedges, forbs, and legumes and were also seeded in May 2012. Results from the high diversity polyculture plots are excluded from this report as performance of the prairie species was limited by high weed pressure and therefore the high diversity polyculture was not considered a viable bioenergy cropping system (personal communication, D.A. Laird). Additional field management activities during 2012 to 2017 included planting golden harvest 89-69 or Agrigold 63-95 corn, and spraying herbicides, applying fertilizers, mowing switchgrass and diversity plots, and harvesting biomass and corn grain.
Corn plots received 224 kg ha -1 N as urea and ammonium nitrate applied at planting. Switchgrass and low diversity grass plots received 56 kg ha -1 N as urea, which was surface applied in the spring. 
Soil sampling and measurements
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Time-zero soil samples were collected in Fall 2011 before application of biochar and again in November 2017, which was 6 yr after experiment establishment. Soil physical properties, included soil bulk density, wet aggregate stability, water infiltration, and water retention, and soil chemical and biological properties, included pH and cation exchange capacity (CEC), and concentration of total N, were measured. Water infiltration was measured in the field, while, the rest of soil properties were measured on samples collected from the 0 to 60 cm depth.
We measured soil water infiltration at representative locations in each of the 24 subplots using the double-ring infiltrometer method (Reynolds, Elrick, & Youngs, 2002) . The infiltrometer consists of an inner ring with 20 cm diameter and an outer ring with 40 cm diameter. The rings were slowly driven into the soil to about 10 cm depth, water was added to both rings. Water level in both the outer and inner rings was maintained at the same height throughout the experiment. Change in water level in the inner ring was recorded at 1, 2, 3, 4, 5, 10, 20, 40, 60, 90, 120, 150, and 180 min. Water infiltration was carried out for 3 h in each plot to compute cumulative infiltration.
Soil cores (60 cm long and 4 cm in diameter) were collected using a truck-mounted hydraulic probe (Giddings Machine Co., Windsor, CO) from four locations within each plot. The four soil cores were carefully sliced at the following depth intervals: 0-5, 5-15, 15-30, and 30-60 cm and then composited by depth. The field moist weights for each soil sample were measured. Subsequently, a subsample of each soil sample was oven dried at 105 °C for 24 h to determine the gravimetric water content, and then bulk density was determined by the core method (Grossman & Reinsch, 2002) . The rest of each soil sample was air dried for 72 h. A representative subsample of each air-dried soil sample was sieved through a 2 mm sieve and used to determine pH and CEC. A portion of the airdried soil was crushed, ground in a roller mill for 24 h, and analyzed for total C and N by the dry combustion method for the 2011 samples using a Vario Microcube (Elementar) and for the 2017 samples using a Flash 2000 C and N analyzer (CE Elantech, Lakewood, NJ) (Nelson & Sommers, 1996) . Both instruments use the same principal and were calibrated against primary standards and thus yield comparable results. We estimated differences in soil organic C and total N concentrations, CEC, pH, and bulk density between the start of the experiment (2011) and after six years (2017) for the 0 to 5, 5 to 15, 15 to 30, and 30 to 60 cm depths. We also estimated differences in total C stocks Accepted Article for 0 to 30 cm. We estimated changes in total C stocks for 0 to 30 cm only because changes in soil organic C concentrations were significant only in the upper 30 cm of the soil.
Wet soil aggregate stability was analyzed on a fraction of the air-dried and sieved sample by the wet sieving method (Nimmo & Perkins, 2002) . Approximately 50 g of soil sample sieved through an 8 mm sieve was placed on a filter paper on top of a stack of sieves of different diameters (4.5, 2.0, 1.0, 0.5, 0.25 mm) and saturated with tap water for 10 min by capillarity. Then, the filter paper was carefully removed, and the soil was sieved in tap water for 10 min using custom mechanical wetsieving equipment, which generates 30 3-cm up-down strokes min -1 . Next, soil retained on each sieve was transferred to glass beakers and oven dried at 105 o C. The oven-dried samples were weighed, treated with 100 ml of 0.5% Na hexametaphosphate, left overnight to disperse soil aggregates, and passed through 0.053 mm sieve. The samples were then oven dried at 105 o C, and weighed again to correct for sand in each aggregate size class. The mass fraction of aggregates in each size class was used to determine the mean weight diameter (MWD) of water-stable aggregates, which is a measure of wet aggregate stability (Nimmo & Perkins, 2002) .
To determine soil water retention characteristics, a total of 192 intact soil cores (5 by 5 cm; 4 per subplot) were collected from the 0-5 and 5-10 cm depths. The intact cores were trimmed at both ends, weighed, and saturated with water from the bottom up using a Mariotte bottle for 24 h. The saturated soil cores were weighed, transferred to low-pressure extractors, drained for about 10 d until drainage ceased, and weighed to determine volumetric water content at -33 kPa matric potentials (Dane & Hopmans, 2002) . Water content at −1,500 kPa matric potential was determined using high-pressure extractors (Dane & Hopmans, 2002) . Cores drained at -33 kPa potential were air-dried, broken, sieved through 2 mm sieves, and transferred to sample retaining rings placed on the −1,500 kPa matric potential ceramic plates. Soil samples were saturated for 24 h and then equilibrated at −1,500 kPa in the extractors for about 7 d until drainage stopped. At the end of measurement, soil samples were removed from the extractors, weighed, oven dried at 105 o C for 24 h, and reweighed to determine gravimetric water content and then volumetric water content based on the bulk density as determined for each intact-core (Grossman & Reinsch, 2002) . Plant-available water was computed as the difference in volumetric water content between -33 kPa (field capacity) and −1,500 kPa potential (permanent wilting point).
Statistical analyses
Data analyses were conducted using PROC MIXED in SAS v. 9.4 for randomized complete split plot design (SAS, 2019). Data were sorted by depth and analyzed to determine the effect of crop, biochar, and their interactions on soil quality parameters by soil depth. The fixed factors were switchgrass, low diversity grass, and corn as main plot treatments, and biochar as subplot treatments. Replication was the random factor. Prior to analysis of treatment effects, data were examined for normal distribution using the Shapiro-Wilk test in PROC UNIVARIATE in SAS. Statistical differences were reported at α = 0.05. Statistical analysis on soil organic C concentration and stocks, total N concentration, CEC, pH, and bulk density was conducted on the differences between the start of the experiment (2011) and after six years (2017). Because interactions between biochar and bioenergy crops were not significant for any soil property, data were analyzed across either biochar or cropping system treatments.
Results
Soil organic carbon and sequestration
Changes in soil organic C concentration and stocks between 2011 and 2017 due to biochar application and bioenergy crop adoption were studied. Table 1 shows the data on soil organic C for 2011 and 2017. Both biochar (Fig. 2 ) and bioenergy crops (Tables 2 and 3) had significant effects on changes in soil organic C concentration. However, only biochar significantly changed soil C stocks (Fig. 3A) . The biochar × bioenergy crop interaction for C concentration for all depth intervals was not significant (Table 2) . Similarly, the biochar × bioenergy crop interaction for C stocks for the 0 to 30 cm depth was not significant (p = 0.93). The change in soil organic C concentration was significantly higher in biochar-amended than in non-biochar amended plots in the upper 30 cm of soil (Fig. 2) . As expected, the change in soil organic C concentration was the largest in the 0 to 5 cm depth and lowest in the 15 to 30 cm depth.
Biochar application had a large and significant effect on increasing soil C stocks (Fig. 3A) . After six years, on average soil C stocks increased by 14.07 Mg ha -1 in the biochar-amended plots, while it increased by 2.25 Mg ha -1 in the non-biochar amended plots. This indicates that soil C stocks increased more (11.82 Mg ha -1 ) when biochar was added than when no biochar was added. Most
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importantly, total C stocks in biochar-amended plots in 2017 were nearly double (14.07 Mg ha -1 ) the amount of C added with the biochar (7.25 Mg ha -1 ).
Dedicated bioenergy crops significantly increased total C concentration between 2011 and 2017, but differences in changes were significant only for the 0 to 5 cm soil depth (Tables 2 and 3 ). Soil C concentration under the low diversity grass mix increased by about five times compared with corn, but C concentration under switchgrass did not differ from corn and low diversity grass mixture (Table   3 ). Soil C stocks among corn, switchgrass, and low diversity grass mix were not significantly different at any soil depth (Fig. 3B) .
Soil physical and chemical properties
Biochar application at 9.3 Mg ha -1 did not affect soil properties including bulk density, mean weight diameter of water-stable aggregates, volumetric water content at -0.33 and -1,500 kPa water pressure, and plant available water for any depth interval. Similarly, biochar application did not affect water infiltration. Biochar application and perennial grass bioenergy crops did not affect changes in total N concentration (Tables 2-3) nor soil pH and CEC (data not shown). The biochar × bioenergy crop interaction for soil physical properties was not significant (>0.10). Thus, data were averaged across either crops or biochar treatments. The perennial bioenergy crops, however, had a significant effect on soil physical properties such as soil aggregate stability, water retention, and plant available water but no effect on bulk density and water infiltration compared with no-till continuous corn.
Additionally, neither biochar nor bioenergy crops affected changes in soil bulk density between 2011 and 2017 (Tables 2-3 ).
The switchgrass and low diversity prairie grass treatments increased mean weight diameter of water-stable aggregates by 23% (1.7 vs. 2.2 mm) compared with no-till continuous corn in the 0 to 5 cm depth. In the 5 to 15 cm depth, low diversity grass treatment increased mean weight diameter of water-stable aggregates by 29% (1.41 vs. 1.99 mm) compared with switchgrass and corn treatments.
Below 15 cm soil depth, differences in mean weight diameter of water-stable aggregates among corn, switchgrass, and low diversity grass mixture were not significant (data not shown).
Effect of the perennial bioenergy crops on volumetric water content at -33 and -1,500 kPa matric potentials, and plant available water were significant but the effects depended on soil depth ( Table 4 ).
The perennial grasses increased volumetric water content at -33 kPa matric potential by 14% Accepted Article compared with corn for the 0 to 5 cm, but the effects were not significant for the 5 to 10 cm soil depth. Effect of perennial grass bioenergy crops on volumetric water content at -1,500 kPa matric potential was not significant for the 0 to 5 cm depth; but, for the 5 to 10 cm depth, corn and low diversity grass mixture increased water content compared with switchgrass. Most notably, perennial grass bioenergy crops consistently increased available water in the surface soil. They increased available water by 30% for the 0 to 5 cm depth and by 29% for the 5 to 10 cm depth, indicating that effects of perennial grasses on available water were large and significant.
Discussion
Soil carbon accumulations
Significant increases in soil C concentrations and stocks were measured in this study 6 yr after biochar application ( Figs. 1-2) , which supports the widely proposed strategy of using biochar applications to store C in soils (Kauffman et al., 2014; Laird, 2008; Matovic, 2011) . Plots that received 9.3 Mg ha -1 of biochar in 2011 stored 11.82 Mg ha -1 more soil C in the upper 30 cm of the soil profile in 2017 compared with plots without biochar (Fig. 3A) . Most notably, C stocks in plots with biochar increased by nearly double the amount of C that was added with the biochar (14.07 Mg soil C ha -1 vs. 7.25 Mg biochar C ha -1 ; Fig. 2A ) in the 0 to 30 cm soil depth. This finding indicates biochar either decreased the rate of soil organic C mineralization and/or increased the efficiency of crop residue C stabilization (reduced mineralization of crop residue C), processes collectively known as 'negative priming'.
The mechanisms responsible for the negative priming observed in this study are not clear. Bonin et al. (2018) reported that biochar application had no effect on corn and perennial grass yields for this study. Thus, the increase in biogenic soil organic C cannot be attributed to increases in aboveground residue C inputs. Furthermore, Fidel et al. (2017) found that soil CO 2 fluxes did not significantly differ between plots with and without biochar 3 yr after biochar application. Not investigated, however, is the possibility that biochar increased belowground C inputs though root proliferation, which has been observed in other studies (Olmo et al., 2016) .
While mechanisms responsible for the accumulation of biogenic soil organic C in the biochar amended plots are not yet fully understood, we suggest, based on literature, that time after biochar application, soil textural class, soil water content, biochar pyrolysis temperature, and quality and Accepted Article quantity of initial soil C are potential factors affecting priming (Ding et al., 2018; Maestrini et al., 2015; Wang et al., 2016) . For instance, the negative priming effect can increase with an increase in soil water content, biochar pyrolysis temperature, and soil clay content (Ding et al., 2018) . A review of 21 studies, although mostly laboratory studies, concluded that biochar retarded the mineralization of soil organic matter by 3.8% in fine-textured soils, but it accelerated mineralization of soil organic matter by 20.8% in sandy and low fertility soils (Wang et al., 2016) . Several studies indicated that biochar application could induce a positive priming effect in the short term (< 2 yr) but induce a negative priming effect in the long term (Ding et al., 2018; Maestrini et al., 2015) . Our study was clearly long enough (6 yr) for negative priming effect of the applied biochar to be apparent. In the long-term, the biochar could promote C accumulation through adsorption and physical protection of dissolved organic C from the soil solution, inducing the negative priming effect (Maestrini et al., 2015) .
While negative priming attributed to biochar has been previously observed in laboratory incubation studies; the increase in soil C stocks by twice the amount of biochar C applied in this study is, to our knowledge, the first field evidence for the negative priming effect and highlights potential use of biochar as a C sequestration agent. The doubling of C stocks with biochar application can have large implications for soil C management in croplands. This potential of biochar to increase soil C both directly through addition of recalcitrant biochar C and indirectly through negative priming deserves further investigation to optimize management practices for C sequestration. Specifically mechanistic models that can predict the magnitude and direction of the priming effect for different soil textural classes, soil organic matter levels, cropping systems, climates, and management systems under various biochar amendment scenarios are needed.
The increase in soil C concentration near the soil surface under low diversity grass mixture (p = 0.07) but not under switchgrass (p = 0.20) suggests that perennial grasses can have variable effects on soil C concentrations. Previous studies on warm-season grasses from the region have found no effect of perennial grasses on soil organic C concentrations in short term (< 5 yr) field studies. In Kansas, after 5 yr, soil C concentrations under switchgrass, big bluestem, miscanthus, and corn did not significantly differ (Evers et al., 2013) . In Nebraska, after 2 and 3 yr, switchgrass, big bluestem The lack of effect of both perennial grasses (switchgrass and low diversity grass mixture) on C stocks for the 0 to 30 cm depths compared with corn indicates that 6 yr may not be enough time for perennials to increase C stocks. We expect that perennial grasses will increase C stocks in the long term (> 6 yr). Our critical question in this study was whether or not there would be a synergistic interaction between biochar and bioenergy crops for sequestering C and improving soil properties. Our analysis indicated that biochar × bioenergy crop interaction for C concentrations and stocks was, however, not significant (p > 0.10; Table 2 ; Fig. 2 ). The lack of significant interaction between biochar and bioenergy crops was somewhat surprising. We expected that biochar would increase soil C stocks under perennial grasses more than under corn due to differences in quality, quantity and timing of residue C input to the soils. The lack of a significant interaction could be due to the relatively high variability of soil organic C within plots. Alternatively, the negative biochar priming effects on soil organic C as well as the extent to which biochar sequesters C may not depend on the cropping system (annual row crops versus perennial bioenergy crops). Clearly, additional studies are needed to further explore the potential biochar × cropping system interactions. However, results indicate that perennial grasses can increase soil C concentration relative to corn regardless of biochar application. The increased soil C concentration under perennial grasses is likely due to the increased root and root exudate C, and increased wet soil aggregate stability under perennial grasses relative to corn. Indeed, soil C concentration was positively correlated with wet aggregate stability across all treatments.
Previous studies suggested that perennial grass can protect soil C by enhancing soil aggregate formation and stability (Kravchenko et al., 2019; Tiemann & Grandy, 2015) .
Soil physical and chemical properties
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The lack of differences in soil physical properties such as bulk density, wet soil aggregate stability, infiltration, water retention, available water, soil pH, and CEC between the biochar and nobiochar plots after 6 yr indicates that application of 9.3 Mg ha -1 biochar had limited or no effects on soil chemical and physical properties for these silty clay loam soils (Tables 2-3 properties. For example, previous studies suggested that biochar application at rates <10 Mg ha -1 may not affect soil hydraulic properties (Glab et al., 2016; Kameyama et al., 2016) , but application rates >10 Mg ha -1 can increase available water (Blanco-Canqul, 2017).  Time (6 yr) after biochar application may not have been long enough for biochar to change soil physical properties, which can be slower to respond to management than chemical and biological properties. Effects could develop in the longer term (>6 yr) as biochar ages and reacts with other soil constituents. For example, old wood biochar can absorb more water or repel less water than fresh wood biochar (Briggs et al., 2012; Aller et al., 2017) , which suggests that water retention capacity of soil-biochar mixtures may increase with time after application.  The soils at our study site were silty clay loams, which may be slower to respond to biochar application due to the high clay content relative to coarse-textured soils. Previous studies suggested that sandy soils are more responsive to biochar application than fine-textured soils (Blanco-Canqul, 2017).
Results from this study indicate, however, that perennial bioenergy crops such as switchgrass and low diversity prairie grass had larger effects on soil physical properties than biochar application (Tables 2-3 ). The increase in wet soil aggregate stability, water retention, and available water with perennial bioenergy grass crops near the soil surface suggests that planting perennial warm-season grasses in sloping croplands and fine-textured soils can improve soil physical properties. Specifically, Accepted Article based on our results, growing perennial bioenergy crops could improve soil structural stability and the ability of the soil to retain plant available water relative to corn (Table 4 ). These results agree with previous studies in the region, which found that switchgrass can increase wet aggregate stability and water retention in the long term (>10 yr) (Blanco-Canqul, 2017; Rachman et al., 2004) . Indeed, the significant increase in plant available water under perennial grasses for the whole soil profile (60 cm depth; Table 4 ) indicates that growing perennial grasses can enhance the ability of the soil to absorb and retain water relative to corn production. The increase in soil organic C concentration with perennial bioenergy crops was partly responsible for the increase in wet aggregate stability. The increase in soil organic C concentration increased wet aggregate stability (r = 0.41; p = 0.04) but the correlation with available water (r = 0.32; p > 0.10) was not significant for the 0 to 5 cm depth.
The lack of significant effects of perennial bioenergy crops on water infiltration can be primarily due to the short duration of the experiment (Fig. 1) . The previous studies generally found higher water infiltration under switchgrass than under corn in the longer term (10 yr) (Rachman et al., 2004 ) Thus, we suggest that perennial bioenergy crops may require more than 6 yr before the increase water infiltration can be detected relative to corn. Full potential of switchgrass to alter soil quality properties may manifest 10 to 15 yr after establishment (Bharati et al., 2002; Corre et al., 1999; Rachman et al., 2004) .
In summary, biochar application to soil used for corn and dedicated bioenergy crops increase soil C stocks more than the amount of C added with the biochar, indicating a negative priming effect of biochar after 6 yr under field conditions, whereas the perennial bioenergy crops improved several soil quality parameters but had only a small effect on soil C after 6 yr in these Midwestern US soils. Surprisingly, the interaction between biochar and cropping systems was not significant (p > 0.10), suggesting that the negative priming effect and C sequestration potential of biochar did not differ for annual corn and perennial bioenergy crops. Table 3 . Difference in soil bulk density (mean ± SD) and concentrations of soil organic C and total N by soil depth between 2011 (experiment start) and 2017 (this study) under dedicated bioenergy crops and no-till continuous corn averaged across two biochar levels (0 and 9.3 Mg ha -1 ) for an experiment on silty clay loams in southwestern Iowa. Means with different lowercase letters within crops and biochar treatments are significantly different at the 0.05 probability level. 
Crop
